Children of obese mothers have increased risk of metabolic syndrome as adults. Here we report the effects of a high-fat diet in the absence of maternal obesity at conception on skeletal muscle metabolic and transcriptional profiles of adult male offspring. Female Sprague Dawley rats were fed a diet rich in saturated fat and sucrose [high-fat diet (HFD): 23.5% total fat, 9.83% saturated fat, 20% sucrose wt:wt] or a normal control diet [(CD) 7% total fat, 0.5% saturated fat, 10% sucrose wt:wt] for the 3 wk prior to mating and throughout pregnancy and lactation. Maternal weights were not different at conception; however, HFD-fed dams were 22% heavier than controls during pregnancy. On a normal diet, the male offspring of HFD-fed dams were not heavier than controls but demonstrated features of insulin resistance, including elevated plasma insulin concentration [40.1 6 2.5 (CD) vs 56.2 6 6.1 (HFD) mU/L; P = 0.023]. Next-generation mRNA sequencing was used to identify differentially expressed genes in the offspring soleus muscle, and gene set enrichment analysis (GSEA) was used to detect coordinated changes that are characteristic of a biological function. GSEA identified 15 upregulated pathways, including cytokine signaling (P < 0.005), starch and sucrose metabolism (P < 0.017), inflammatory response (P < 0.024), and cytokine-cytokine receptor interaction (P < 0.037). A further 8 pathways were downregulated, including oxidative phosphorylation (P < 0.004), mitochondrial matrix (P < 0.006), and electron transport/uncoupling (P < 0.022). Phosphorylation of the insulin signaling protein kinase B was reduced [2.86 6 0.63 (CD) vs 1.02 6 0.27 (HFD); P = 0.027] and mitochondrial complexes I, II, and V protein were downregulated by 50-68% (P < 0.005). On a normal diet, the male offspring of HFD-fed dams did not become obese adults but developed insulin resistance, with transcriptional evidence of muscle cytokine activation, inflammation, and mitochondrial dysfunction. These data indicate that maternal overnutrition, even in the absence of prepregnancy obesity, can promote metabolic dysregulation and predispose offspring to type 2 diabetes.
Introduction
Obesity and related metabolic disorders have reached epidemic proportions in industrialized countries, with the most rapid increase among children. A growing body of literature in humans and experimental animal models (1) (2) (3) (4) (5) demonstrates that early-onset metabolic disorders may be in part driven by exposure to an adverse intrauterine environment, including excessive nutrient exposure. The development of metabolic disorders may be associated with reprogramming of offspring metabolism and the disruption of energy balance. The developmental origins of health and disease hypothesis, originally posited by Barker et al. (6) , is supported by extensive research on the effects of fetal nutrition on chronic metabolic disease in adult offspring (7) (8) (9) . However, the specific mechanisms by which early life events can have long-term effects on the metabolism of an adult organism still remain to be identified.
The consumption of energy-dense modern diets that are high in fat and sugar results in energy intake beyond expenditure (overnutrition), contributing to the increasing prevalence of obesity and metabolic diseases. Several studies have now shown that a maternal high-fat diet affects insulin signaling (10), brain appetite regulation (11, 12) , immune function (13) , hepatic gene expression (14) , blood pressure (15) (16) (17) , aortic structure (3), kidney function (4), plasma lipids (15) , liver lipid metabolism (18) , and antioxidant defense capacity (19) in offspring. These models usually involve the study of obese female rodents following the consumption of a high-fat and/or high-sugar obesogenic diet. Offspring of such dams are hyperphagic, insulin resistant, hypertensive, and glucose intolerant in adulthood (20, 21) . It remains to be determined whether a maternal diet high in fat and sucrose may be a sufficient stimulus for the development of offspring metabolic disease in the absence of maternal prepregnancy obesity.
The development of insulin resistance is commonly observed in patients prior to development of type 2 diabetes (T2DM) 8 . Progressive impairment of glucose homeostasis is also noted in many models of maternal diet-induced obesity (22) . Recent studies suggest insulin resistance may result from persistent alterations in insulin-signaling molecules in insulin-responsive tissues. Skeletal muscle is the major site for postprandial, insulin-stimulated glucose uptake. Muscle atrophy and i.m. lipid accumulation, as well as metabolic adaptations that are normally associated with the onset of insulin resistance, have been described in offspring of dams fed an obesogenic (cafeteria) diet during gestation and/or lactation as early as the weaning stage (23) .
Using a rat model of maternal high-fat, high-sucrose feeding, we showed that maternal overnutrition, in the absence of obesity prior to conception, programs insulin resistance in the adult offspring fed a normal unpurified diet from birth. The current study aimed to examine the effects of maternal overnutrition on transcriptomic profiles in the skeletal muscle of offspring at 1 y of age using next generation mRNA sequencing to identify differentially expressed genes and gene set enrichment analysis (GSEA) to detect coordinated changes that are characteristic of a biologic function. Regulation of the insulin-signaling pathway and markers of mitochondrial function were also examined at the protein level in muscle samples.
Our data indicate that maternal overnutrition programs the development of an insulin-resistant phenotype in the offspring with transcriptional evidence of muscle cytokine activation, inflammation, and mitochondrial dysfunction.
Materials and Methods
Animal husbandry and experimental diets. All rats were handled in strict accordance with good practice as defined by the National Health and Medical Research Council (Australia) Statement on Animal Experimentation and the requirements of Victorian State Government legislation. Female Sprague-Dawley rats weighing 200-300g were obtained from the Animal Resources Centre and housed under standard animal facility conditions (22-23°C, 30-33% humidity, 12-h-light/-dark cycle).
Water and food were consumed ad libitum. Female breeder rats were fed either a standard unpurified control diet [(CD) 7% total fat, 0.5% saturated fat, 10% sucrose wt:wt, 19.4% protein, 16.1 MJ/Kg digestible energy; AIN-93G (24), Specialty Feeds] or a diet rich in saturated fat (sourced mainly from animal lard) and sucrose [high-fat diet (HFD); 23.5% total fat, 9.83% saturated fat, 20% sucrose wt:wt, 23.3% protein, 19.6 MJ/Kg digestible energy; SF08-023, Specialty Feeds] for the 3 wk prior to mating and throughout pregnancy and lactation. This time period was chosen to ensure that offspring were exposed to a HFD throughout the key developmental periods. Male offspring of CD-and HFD-fed dams were weaned at postnatal day 21 and maintained on a standard unpurified diet (ad libitum) for the remainder of their life. Food composition is indicated in Table 1 .
For tissue collection at 12 mo, 11 male offspring (6 from CD-fed dams, 5 from HFD-fed dams) were food deprived 1-2 h before being killed using inhaled isofluorane. Liver, heart, kidneys, pancreas, and adipose tissues were weighted. Skeletal muscle (soleus) was collected first from the hind limb of offspring and immediately snap-frozen in liquid nitrogen and stored at 280°C for RNA and protein analysis. Blood was collected via cardiac puncture and glucose determined by a handheld glucometer (Accu-Chek Roche) and plasma assayed for insulin by ELISA (Kit 90010, Crystal Chem).
RNA isolation and mRNA sequencing processing. Total RNA was extracted from frozen soleus muscle (;50 mg) with a motorized rotorstator homogenizer using RNeasy columns (QIAGEN) following the manufacturerÕs recommended protocol. RNA quality was determined by the MultiNA capillary electrophoresis system (Shimadzu Biotech). Messenger RNA was enriched using the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs) from 2 mg total RNA and sequencing libraries were prepared using the NEBNext mRNA Library Prep Reagent Set for Illumina (New England Biolabs). Libraries were quantified on a MultiNA system and sequenced at a concentration of 12 pmol/L on the Genome Analyzer IIx (Illumina). mRNA was also used for qRT-PCR validation. Gene-specific primers were ordered from Applied Biosystems. Transcript levels were analyzed on the Applied Biosystems 7500 Real-Time PCR System. 18S was used as an internal control to calibrate the expression levels of target genes; the relative changes in gene expression were calculated using the DDCt method (25) . Measurement of mitochondrial DNA copy number. Total DNA was isolated from 5 mg of muscle tissue using a DNeasy Blood and Tissue kit (QIAGEN). Two nanograms of total DNA was used as a template in a 20 mL PCR reaction using primers against the mitochondrial genome or nuclear-encoded ribosomal 18S gene. Mitochondrial DNA (mtDNA) copy number was estimated as a ratio of mitochondrial-encoded gene:18S.
Western blots. Muscle samples were homogenized in 8 mL buffer/mg tissue (20 mmol/L HEPES, 2 mol/L EDTA, 50 mmol/L NaF, 5 mmol/L Na 4 P 2 O 7 , 1% NP40, 1 mmol/L Na 3 VO 4 , 1 mmol/L DTT, 0.05% SDS) containing a protease inhibitor cocktail (Roche Diagnostics). The homogenates were centrifuged at 12,000 3 g for 10 min and the supernatant recovered. Protein content was then determined with the Pierce BCA Protein Assay (ThermoScientific). Proteins were separated by gradient (4-20%) SDS-PAGE (Novex) and transferred to polyvinylidene difluoride membranes (GE Healthcare). Blots were blocked 1 h at room temperature with 5% nonfat dry milk in TBS-T (20 mmol/L Tris-HCl, pH 8.0, 135 mmol/L NaCl, 0.1% Tween-20).
Membranes were then incubated with anti-phospho protein kinase B (AKT) (Ser473) (no. 4058, Cell Signaling Technology), anti-total AKT (no. 9272, Cell Signaling Technology), and anti-oxidative phosphorylation (OXPHOS) complexes (no. ab110413, Abcam) antibodies. Bound antibody was visualized using ECL Plus reagents (GE Healthcare) and signals were quantified using the Molecular Imager ChemiDoc and Quantity One 1-D analysis software (Bio-Rad Laboratories). Alphatubulin (no. 2144, Cell Signaling) was used as internal control for protein loading.
Bioinformatics and statistics. The technical quality of the raw sequence data was checked with FastQC (26). More than 250 million 36-nucleotide-long reads were obtained from 11 samples and >90% of reads aligned to the rat genome (RN4) using Burrows-Wheeler Aligner (BWA) (27) with default settings in Galaxy (28) . Reads aligning to exons with a mapping quality score >20 were counted and summed over genes for each sample using HTSeq (29) . The resulting count matrix was tested for differential gene expression (DGE) between offspring of CD-and HFD-fed dams using the edgeR Bioconductor package (30) and false discovery rate control at P = 0.05. The percentage of reads derived from noncoding genes such as ribosomal RNA was ;10%. Protein-coding mRNA-derived tags outnumbered noncoding RNA tags by a factor of 5, demonstrating that ribosomal RNA contamination was not consuming a large proportion of our dataset. Transcriptome sequencing datasets are available via The Gene Expression Omnibus at the National Center for Biotechnology Information with the accession number GSE49797 (31). The unadjusted P values from the edgeR output and the sign of the log fold change were analyzed using GSEA software (32) and gene sets from the MSigDB (33) . GSEA is a statistical method to test DGE results for evidence of unexpected enrichment of prespecified sets of genes. The specific genes that act together in biological abstractions such as curated metabolic pathways, published experimental observations, and Gene Ontology concepts are collected into gene sets available from the MSigDB. All noncancer specific gene set categories from MSigDB version 3.1 were tested. GSEA takes all the DEG results from edgeR and ranks them by the strength of evidence of dysregulation from most highly upregulated to most highly downregulated. The null hypothesis tested by GSEA is that the members of each gene set are randomly distributed over the ranked DEG analysis result list. If a gene setÕs members tend to be found among the most highly upregulated (downregulated) DEG, GSEA uses a permutation method to estimate family-wise error rate (FWER)-controlled P value for rejecting the null hypothesis. Rejection suggests that the pathway or concept used to create the gene set is activated (suppressed). A GSEA FWER P value < 0.05 was reported as being significant.
Other statistical analyses were performed with SigmaStat software (Systat Software) and SPSS software (IBM). Maternal percent changes in body weight were analyzed by ANOVA on repeated measures. Offspring metabolic variables, qRT-PCR, and Western-blot data were compared using a StudentÕs t test or a nonparametric Mann-Whitney U test when data were not normally distributed. Replicate measures made on one rat were averaged and the result counted as one independent observation. That is, one observation equals one rat, so that n = 5-6 represents 5-6 different rats. Data are expressed as means 6 SEMs; P < 0.05 was considered significant. Relations between gene expression measured by sequencing and qRT-PCR were assessed using the Spearman correlation coefficient.
Results
Maternal weight in response to HFD feeding. HFD-fed dams were not obese at the time of conception, as 3 wk of HFD feeding prior to conception did not result in a greater weight gain (Fig. 1) . The HFD did, however, lead to a greater weight gain during pregnancy, up to 2 d postpartum, with HFD-fed dams gaining ;22% more weight on average compared with CD-fed dams. HFD-fed dams then matched CD-fed dams in weight toward the end of weaning (repeated-measures ANOVA, P < 0.05) (Fig. 1) .
In utero programming of offspring metabolism by maternal overnutrition. Growth from birth to 1 y of age was similar between the offspring of CD-and HFD-fed dams (Supplemental Fig. 1 ). The adult male offspring of CD-or HFD-fed dams were then examined at 1 y of age. Body weights of male offspring as well as dissected weights of liver, heart, pancreas, and kidneys did not differ between groups ( Table 2) . Despite the similar body weight between offspring groups, the percentage of perirenal and abdominal fat were greater in offspring of HFDfed dams compared with offspring of CD-fed dams (P = 0.046 and 0.030, respectively) ( Table 2 ). The fasting plasma insulin concentration was elevated by 40% in the offspring of HFD-fed dams (P = 0.023) ( Table 2 ). There was also a trend toward a 67% increase in the HOMA-IR in the offspring of HFD-fed dams compared with the offspring of CD-fed dams (P = 0.09) ( Table 2 ). Maternal overnutrition alters the skeletal muscle transcriptome in male offspring. Transcriptional profiling was performed on the offspring skeletal muscle. Global condition clustering revealed distinct clustering of expression profiles with maternal nutrition state, suggesting a significant treatment effect on global gene expression (Supplemental Fig. 2A ). Seven genes were significantly differentially expressed in the soleus muscle from offspring of HFD-fed dams compared with offspring of CD-fed dams (Supplemental Fig. 2B) . Validation of the sequencing data were performed using qPCR. Correlation analysis indicated a concordance between gene expression tested by sequencing and qRT-PCR (r = 0.6; P < 0.0001) (Supplemental Fig. 2C ).
To assess regulatory trends of functionally linked gene sets, we applied GSEA to the DGE analysis results. GSEA identified 23 enriched gene sets at a FWER-controlled P value < 0.05 (15 positively regulated, 8 negatively regulated). GSEA showed strong evidence of enrichment for highly upregulated genes for cytokine/chemokine signaling (P = 0.005 and 0.009, respectively), starch and sucrose metabolism (P = 0.017), and inflammatory response (P = 0.024) gene sets ( Table 3) . A further 8 pathways were downregulated; all were associated with aspects of mitochondrial function, including OXPHOS (P = 0.004), mitochondrial matrix (P = 0.006) and electron transport (P = 0.006), and ATP synthesis (P = 0.022) ( Table 3) .
Maternal overnutrition decreases AKT phosphorylation in male offspring skeletal muscle. Because offspring of HFDfed dams were hyperinsulinemic, we examined components of the insulin-signaling pathway. Phosphorylation of AKT at Ser473 was reduced by 65% (P < 0.05) and total AKT content increased (P < 0.01) in the skeletal muscle of the offspring of HFD-fed dams compared with offspring of CD-fed dams (Fig. 2) .
Maternal overnutrition alters OXPHOS complex expression in male offspring skeletal muscle. GSEA results suggested that skeletal muscle changes in gene expression were associated with a decreased capacity of mitochondrial OXPHOS in offspring of HFD-fed dams. We thus examined protein expression of mitochondrial OXPHOS complexes (Fig. 3) . Complex I [NADH dehydrogenase (NDUFB8)] was reduced by 70% (P < 0.01) and complexes II [succinate dehydrogenase (SDHB)] and V [ATP synthase (ATP5A)] were both reduced by 50% (P < 0.01), with complexes III [Q-cytochrome c oxidoreductase (QCRC2)] and IV [cytochrome c oxidase (MTCO1)] tending to be lower in the muscle from offspring of HFD-fed dams (P = 0.064 and 0.11, respectively) (Fig. 3) .
We also measured mtDNA copy number in skeletal muscle and did not observe any differences in this variable between the 2 groups (Supplemental Fig. 3 ).
Discussion
The current study highlights the importance of maternal overnutrition in influencing the offspring phenotype independent of obesity prior to conception. Hyperinsulinemia induced in offspring of HFD-fed dams is associated with: 1) global changes in the skeletal muscle transcriptome, revealing reprogramming of pathways related to immune response, inflammation, OXPHOS, and mitochondrial function; 2) a reduction in AKT phosphorylation; and 3) reduced protein expression of mitochondrial OXPHOS complexes in skeletal muscle. These findings provide mechanistic insight into the causes of skeletal muscle insulin resistance in offspring exposed to maternal overnutrition and support the hypothesis that the development of metabolic disorders is linked with reprogramming of offspring muscle metabolism and disruption of energy balance.
Maternal overnutrition alters both maternal and offspring metabolic phenotype. An animal model has provided insight into the mechanisms of developmental programming without the influence of genetic and environmental variables, which confound human studies. Moreover, in our model, maternal overnutrition was induced by providing dams with a high-fat, high-sucrose diet to emulate modern dietary intake. In contrast to studies using obesogenic diets, where dams are 20-60% heavier prior to conception, our dams were not overweight at the time of conception; however, they had increased weight gain during pregnancy, which then matched CD-fed dams at weaning. We hypothesized that offspring of overnourished dams would demonstrate muscle insulin-signaling defects and that these might be associated with alterations in gene networks. At 1 y of age, there was no effect of maternal overnutrition on the body weight of male offspring, but there was increased regional adiposity, including an increase in perirenal and abdominal fat pad mass relative to body weight. Both these regions are of particular relevance to the development of insulin resistance and T2DM in humans (34) (35) (36) and play a role in regulating wholebody glucose homeostasis. In a similar cohort, DXA at postnatal day 21 showed increased body fat mass (data not shown), suggesting increased adiposity early in life. Further support for the generation of adiposity in the offspring of overnourished dams comes from previous studies, which showed that offspring of rats fed a fat-enriched diet during gestation and/or lactation periods without development of overt maternal obesity also developed an increase in body fat mass (3, 37) .
Male offspring of HFD-fed dams demonstrated higher circulating insulin concentrations and a trend for higher HOMA-IR. The development of insulin resistance is commonly seen prior to the development of T2DM and has also been described in several models of maternal overnutrition (1, 22, 38, 39) . Disruption in the insulin-signaling pathway has been associated with insulin resistance in response to maternal obesity. Reduced phosphorylation of Ser473 AKT as well as insulin receptor mRNA expression is reported in fetuses of ewes fed an obesogenic diet (i.e., 150% of nutrient recommendations) (39) . This was also reported in 3-moold female offspring of obese mice, along with reduced protein expression of P110b, a catalytic subunit of the insulin signaling protein phosphoinositide 3-kinase (38) . In our model, although dams were not obese, exposure to a diet rich in saturated fat and sugar during gestation and lactation altered the offspring skeletal muscle AKT; indeed, we showed a significant decrease in AKT phosphorylation on Ser473 in the offspring of HFD-fed dams, suggesting that AKT activity is reduced. We also observed an increase in the expression of total AKT in this group, which may indicate a compensatory/adaptive mechanism in the adult offspring and has also been described in 3-mo-old male offspring of obese mice (38) . 1 mRNA sequencing data from the skeletal muscle of the adult male rat offspring were analyzed using GSEA software. ES, enrichment score; FWER, family-wise error rate; GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; NES, normalized enrichment score; OXPHOS, oxidative phosphorylation. 2 Gene sets are defined as groups of genes that are related to a biological process, a cellular component, or a molecular function as annotated according to Gene Ontology terms. 3 The size indicates the number of genes in the gene set. 4 ES for the gene set that is the degree to which this gene set is overrepresented in the expression dataset. 5 ES for the gene set after normalization across analyzed gene sets. 6 FWER is a conservative estimation of the probability that the NES represents a false positive finding.
FIGURE 2 AKT expression in skeletal muscle of adult male rat offspring following maternal overnutrition. Soleus muscle proteins were extracted and protein expression of phosphorylated AKT (Ser473) (A) and total AKT (B) were analyzed by Western blot. Bars represent mean protein expression normalized to a-tubulin. Representative blots are shown below the graphs. Data are means 6 SEMs, n = 5-6/group. *P , 0.05 vs. offspring of CD-fed dams; **P , 0.01 vs. offspring of CD-fed dams. AKT, protein kinase B; a.u., arbitrary units; CD, control diet; HFD, high-fat diet; MW, molecular weight; pAKT, phospho AKT; tAKT, total AKT.
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Here we report effects of maternal overnutrition on male offspring phenotype. In females, as was the case for the adult male offspring, body weights and dissected weights of liver, heart, pancreas, and kidneys were similar between groups despite a greater percentage of fat. However, the fasting plasma insulin concentration in females did not differ between groups (data not shown). It should be noted that results from programming studies often show gender specificity in the degree and type of metabolic alteration observed across tissues and species (15, (40) (41) (42) (43) (44) .
Maternal overnutrition reprograms skeletal muscle transcriptomic profile. Biologic processes such as metabolic pathways or stress responses are distributed across an entire network of genes, but these higher-level changes are not easily detected by considering one gene at a time from a DGE analysis. Moreover, given the polygenic nature of metabolic and cardiovascular disease, it is unlikely that alterations in any single gene would underlie the programmed phenotypic changes that were observed in our model of maternal overnutrition. In our study, we examined changes in networks of genes and found highly significant GSEA patterns that yielded a clear pattern. Coordinated changes in gene expression in male offspring of HFD-fed dams showed a distinct upregulation of proinflammatory pathways, with an over-representation of gene sets related to inflammatory response and cytokine signaling. Moreover, because maternal HFD feeding may alter blood and nutrient flow to the developing fetus, we examined the amniotic fluid and observed elevations in a wide range of inflammatory cytokines in the amniotic fluid of HFD-fed dams compared with CD-fed dams, as well as an altered lipid composition (i.e., increased concentration of TGs) (data not shown). This chronic inflammatory state, together with increased availability of FAs to both the placenta and the fetus, may contribute to fat deposition in the muscle while simultaneously inhibiting insulin-stimulated glucose transport. To support this hypothesis, Dahlgren et al. (45) demonstrated that offspring of rats injected with IL-6 throughout pregnancy, had greater body fat and reduced insulin sensitivity. Although it is well established that obesity is associated with inflammation and increased oxidative stress, it is also possible that exposure of the pregnant dam to overnutrition per se results in oxidative stress in the offspring; of note, antioxidant supplementation decreases FFA plasma concentrations in offspring of dams fed a Western diet (46) . Using a nonhuman primate model, it has also been found that consumption of a high-fat diet during pregnancy, independent of maternal obesity, led to a significant reduction in uterine blood flow, a rise in placental inflammation, and increased liver TGs and oxidative stress (18, 47) .
Epigenetic mechanisms also are clearly one important programming pathway altering the developmental genome. For example, a study by Masuyama and Hiramatsu (48) showed that abnormal intrauterine environment induces epigenetic modifications in the promoter of adiponectin. Within this context, further studies are required to pursue the role of noncoding RNA, DNA methylation, and other chromatin modifications in our model and in this way comprehensively determine the impact of maternal nutrition on epigenetic regulations.
Maternal overnutrition alters skeletal muscle mitochondrial function. Because mitochondria are a major site of FA oxidation and are maternally inherited, they provide an ideal candidate mechanism for the inheritance of metabolic disorders. Several studies have shown that mitochondrial content, mitochondrial function, and oxidative capacity are decreased in insulin-resistant individuals with T2DM (49, 50) , suggesting that mitochondrial dysfunction might play an important role in the pathophysiology of insulin resistance. In addition, maternally inherited defects in mtDNA that disrupt mitochondrial function have been described in offspring of parents with T2DM (51, 52) . Although mtDNA content in our model is not different in the offspring of HFD-fed dams, we showed strong evidence of downregulation of the network of nuclear genes controlling OXPHOS and electron chain transport. Nuclear genes encoding mitochondrial proteins are also involved with insulin resistance (53, 54) and a decreased mitochondrial oxidative capacity accompanies the reduction in expression of mitochondrial proteins encoded by both the mitochondrial genome and nucleus. Moreover, the highly oxidative soleus muscle featured a lower protein expression of complexes I (NADH dehydrogenase, NDUFB8), II (succinate dehydrogenase), and V (ATP synthase) of the electron transport chain. This diminished mitochondrial electron transport activity suggests a decrement in mitochondrial function and that ATP production could be affected. This proposed mechanism may contribute to the development of insulin resistance seen in the offspring of HFD-fed dams. Moreover, a decrease in electron transport chain activity is likely to lead to increased generation of reactive was reduced by 70%; Complexes II, SDHB, and V, ATP5A, were both reduced by 50%, with complexes III, QCRC2, and IV, MTCO1, all tending to decrease in the muscle of offspring of HFD-fed dams. Bars represent mean protein expression normalized to a-tubulin. Data are means 6 SEMs, n = 5/group. **P , 0.01 vs. offspring of CD-fed dams. ATP5A, ATP synthase; C, complex; CD, control diet; HFD, high-fat diet; MW, molecular weight; MTCO1, cytochrome c oxidase; NDUFB8, NADH dehydrogenase; OXPHOS, oxidative phosphorylation; QCRC2, Q-cytochrome c oxidoreductase; SDHB, succinate dehydrogenase.
oxygen species (55), lipid peroxidation, and release of inflammatory cytokines.
In conclusion, on a normal unpurified diet, male offspring of dams fed a high-saturated-fat and high-sucrose diet did not become obese in adulthood, but developed an insulin-resistant phenotype, with transcriptional evidence of muscle cytokine activation, inflammation, and mitochondrial dysfunction. Thus, maternal overnutrition in the absence of prepregnancy obesity predisposes offspring to T2DM, even in the absence of offspring obesity. These data emphasize the importance of moderation of saturated fat and sucrose intake immediately before pregnancy, as well as throughout gestation and lactation to lower lifetime risk of metabolic syndrome.
